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Abstract 
LaN is synthesized via calcining La2O3 in NH3 and studied as capacitive material 
for energy storage. A volumetric capacitance of 951.3 F cm-3 was found in 1 mol dm-3 
Na2SO4 using a current density of 1 A g-1, less than 1% loss of capacitance being 
experienced after 5000 cycles. 87.3% of the initial capacitance remained at a current 
density of 10 A g-1. LaN exhibits high capacitances that is attributed to subsurface 
space charge accumulation with a possible EDLC component. A reversible electrode 
process ensures long cycle life and favourable electrical charge transfer. The 
assembled LaN symmetrical capacitor showed high volumetric energy densities, 
facilitating high duty applications. 
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Graphic Abstract 
 
Activated carbons used in commercial electrode materials for capacitive energy 
storage exhibit a high specific capacitances.1,2 However, their low bulk density makes 
them difficult to attain suitable volumetric properties,3 thus alternative materials 
which possess high bulk density exceeding that of commercial activated carbon must 
be found.4 
Several oxides have shown an impressive performance over the last decade,5-9 
but they tend to have a relatively low electrical conductivity.10 This is a fatal flaw for 
electrode materials since the conductivity is directly related to electrochemical 
performance.11 The carbons and the oxides respectively have their own advantages 
and fatal disadvantages. Materials, under the circumstances, with high bulk density 
and electrical conductivity are being required. 
Most of intermetallics, a type of alloys, can exhibit high electrical conductivity 
and bulk density, which implies that they are candidates. As one of the intermetallics, 
LaN crystallizes in an NaCl-type lattice structure: the N atoms occupy octahedral 
interstices that form from the La atoms connected with metallic bonding and a 
theoretical bulk density of 6.73 g cm-3,12 which suggest that it is an optional material. 
Its electrochemical capacitive performance in energy storage has not been developed 
and reported yet, even La-based materials either. 
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In this work, crystalline LaN nanoparticles possessing high specific area were 
synthesized via calcining of La2O3 in NH3. The nanoparticles were electrochemically 
evaluated as a new electrode material in neutral aqueous electrolyte, which exhibits a 
promising capacitance that derives from subsurface space charge accumulation 
mechanism with a possible EDLC component. Furthermore, LaN-based symmetrical 
capacitor was cycled, showing good lifetime, energy density and specific capacitance. 
LaN was synthesized via a one-step calcination method. Approximately 10 g 
La2O3 (Sinopharm® Chemical Reagent Co. Ltd.) powder was placed in a tube furnace 
under NH3-N2 (at a volume ratio of 8.5:1.5 and a flow rate of 70 mL min-1) gas flow, 
heating at a rate of 3 °C min-1 from 20 °C; maintaining the temperature at 800 °C for 
120 min, then cooling at 2 °C min-1 to a final temperature of 20 °C. 
Materials chemical composition was analyzed by energy dispersive spectroscopy 
(EDS). Crystallite structures were determined via X-ray diffraction (XRD, Rigaku® 
D/MAX2400) with Cu Kα radiation (wave length 0.15418 nm) operating at 40 kV and 
60 mA, the step is 0.02 and the speed is 1 deg min-1. Structures and morphologies 
were characterized transmission electron microscope (TEM, JEOL® JEM2010) and 
field-emission scanning electron microscope (SEM, JEOL JSM-6701F) operating at 
5.0 kV. Nitrogen adsorption-desorption (NAD) isotherms were obtained at -196 °C 
using a micromeritics gas adsorption analyzer (ASAPR® 2020). Before measurements, 
the sample (0.1 g) was degassed at 200 °C under vacuum for more than 2 h. The 
specific surface area was calculated according to the Brunauer-Emmett-Teller method. 
For a 1 cm2 electrode, 9.5 mg LaN and 0.5 mg PTFE were used as active 
material and binder respectively. These were mixed with a few drops of ethanol to 
achieve a composite gel. The gel was then cast as a film, which was pressed at 10 
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MPa into a stainless steel foam and then dried at 80 °C for 10 h.  
A three-electrode glass cell with the LaN working electrode, a 1 cm2 Pt foil 
counter electrode and a saturated calomel reference electrode (SCE) was used for 
electrochemical studies by using an electrochemical working station (Chenhua® 
CHI660C) in 1 mol dm-3 Na2SO4 (aq) at ca. 20 °C. Cyclic voltammetry (CV), 
galvanostatic charging-discharging (GCD) and electrochemical impedance 
spectroscopy (EIS) were used to evaluate the performance of electrode. 
For a capacitor, two LaN electrodes were joined together by a porous non-woven 
cloth separator and soaked in the Na2SO4 (aq). The capacitor case is the stainless steel 
case used in lithium ion batteries (CR2032). 
In addition, the electrical conductivity measurement is tested by tabletting 
resistance method and the LaN electrode for this test is prepared as follows. The LaN 
powders were tableted as a cylinder with the size of 78.5 mm2 × 1mm by using the 
mould. And then, this cylinder electrode was directly used for electrical conductivity 
measurement using the electrochemical working station in air. 
Figure 1a) shows the EDS spectra of the material obtained from the synthesis, 
which reveals that the material consist of La and N elements, the inherent Cu and C 
were not marked; only the La and N elements being present. It is inconclusive 
whether the material contains very little surface adsorbed oxygen. However, this 
material based electrode is tested in an aqueous solution in air environment. So, this 
result can be ignored if there is very little adsorbed oxygen. 
Figure 1b) shows the XRD pattern of this material. As revealed in the pattern, 
diffraction peaks of LaN powder of (111), (200), (220), (311), (222), (400), and (331) 
are observed at diffraction angle of 29.159 deg, 33.796 deg, 48.545 deg, 57.636 deg, 
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60.456 deg, 71.090 deg, and 78.619 deg, respectively. The diffraction pattern is rigid 
in accordance with reported crystallographic data of cubic LaN (JCPDF No. 15-0892), 
and the space group is Fm 3
_
m (225). In addition, the measured cubic cell parameter of 
0.539 nm is very close to the standard value of 0.530 nm. There are no other peaks 
existing in the pattern. That is to say, there is no or scarcely any content of impurity. 
All the above reveals that the only LaN phase exists in the material. With the cell 
parameter, the crystallographic density calculated is ca. 6.68 g cm-3. The calculated 
density is lower than the above-mentioned theoretical value, this is maybe due to 
some zero-dimensional atom point defects existed in the preparation of heat treatment. 
Chemical reaction that takes place during the material synthesis can be written:  
↑+→+ ∆ OH3 2LaNNH2OLa 2332                               (1) 
Microstructure and morphology of the nanocrystalline LaN nanoparticles are 
shown in Figure 1c). Some nanoparticles are mutually interspersed, stabilizing the 
nanostructures and forming a three-dimensional structure. A granular appearance is 
implied in Figure 1d) since the quantity of heat that stored in chemical reactions (1) 
has to release along with thermal stress cracking during cooling to room temperature, 
and this process can produce the nanoparticles and build a porous structure. 
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FIGURE 1. Materials and microstructural characterization. a) EDS spectrogram, b) 
XRD pattern, c) SEM image, d) TEM image, e) NAD data and f) Pore size distribution. 
Figure 1e) shows NAD data of the nanoparticles. The existence of a hysteresis 
loop indicates a porous structure and the calculated specific surface area is 106.6 m2 
g-1. Figure 1f) shows a pore size distribution estimated by a density function theory 
model. 
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Figure 2a) shows the CV curves of LaN electrode at a series of linear potential 
scan rates. Compared with carbon materials electrodes, a quasi-rectangular CV shape 
is achieved in the potential range from -0.9 to 0.6 V, which indicates typical capacitive 
charge storage behavior. Between 10 and 100 mV s-1, quasi-rectangular CV shapes are 
similar to each other, i.e., the LaN electrode exhibited similar quasi-rectangular CV 
shapes at all scan rates, indicating reversible electrochemical charge storage and 
capacitive behavior. 
GCD curves performed at some discrete current densities are shown in Figure 
2b). The electrode showed more typical isosceles triangular shapes during consecutive 
charging and discharging, as expected for electrochemical capacitive charge storage. 
Based on the constant current discharge curves between 1 and 10 A g-1, volumetric 
capacitances at certain current density are calculated via: 
ϕ
ρ
∆
∆⋅⋅
=
tjC iv                                                      (2) 
where Cv (F cm-3) is the volumetric capacitance, ρ (g cm-3) is the density of LaN, ji (A 
g-1) is the specific current density, Δt (s) is discharging time and Δφ (V) is the 
potential difference during discharge. 
The results calculated from equation (2) and some carbon-based materials13 are 
shown in Figure 2c). The volumetric capacitances of 951.3, 934.2, 916.9, 894.0, 871.1, 
and 830.9 F cm-3 correspond to a discharge current density of 1, 2, 3, 4, 5, and 10 A 
g-1, respectively. And the corresponding mass specific capacitances are 143.7, 141.1, 
138.5, 135.0, 131.6, and 125.5 F g-1. These volumetric capacitances data are much 
higher than that of carbon-based materials at a current density of 1 A g-1. Moreover, 
the LaN electrode also exhibited a high capacitance at this current density range. Even 
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at a high current density of 10 A g-1, high capacitance value of 830.9 F cm-3 remains, 
which is almost 87.3% of the initial value for the current density from 1 A g-1 
enlarging to 10 A g-1 or 10 times increasing. 
 
FIGURE 2. Electrochemical evaluation of the LaN. a) CV curves, b) GCD curves, c) 
Volumetric capacitance compared with some carbon-based materials, d) Cycle life 
over 5000 cycles, e) Current-voltage curves of the LaN and f) Electrochemical 
impedance spectroscopy. 
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In a general way, carbon materials possess volumetric capacitances ca. 60~125 F 
cm-3.4,13 The capacitance values of this novel material are calculated to be 7 to 9.5 
times greater than that of carbon materials. In addition, rate capability compared to 
almost all of pseudocapacitive oxides is superb since the oxides always own a rate 
capability of 60~70%14,15 or even less. All of above show an underlying application of 
this new material in some certain fields, especially in the areas that require volumetric 
property. 
Based on the quasi-rectangular CVs and isosceles triangle GCDs, it seems that 
energy storage mechanism is much more likely to be EDLCs type. However, if we 
calculate the capacitance at per unit area, the result is in the range of 1.334 to 1.235 
mF cm-2, which is far beyond the established range (ca. 10-2 mF cm-2) of EDLCs,4,16 
and there are no substantiated redox reactions, implying another mechanism existing 
in, but this conclusion does not exclude the inexistence of EDLCs. It is well known 
that pseudocapacitive reactions always give redox peaks and some of them can get 
rectangular CVs when possessing multiple overlapping reactions. Here, pianissimo 
peaks that are existed in the CVs are difficult to support the (leading) component of 
pseudocapacitance.  While it reveals the existence of an anomalous new possible 
storage mechanism that non-faradic contribution and no redox reaction are involved, 
and was reported recently by Oleksandr Bondarchuk et al.14 in a vanadium nitride 
electrode. That is an anomalous non-faradaic subsurface space charge accumulation 
mechanism. There is an active subsurface layer with a charge-accumulating effective 
thickness of up to dozens of nanometers. Here, another new material that owns this 
mechanism is found, and at the same time the result also underlines the Oleksandr 
Bondarchuk’ work about finding this new mechanism during charging-discharging. So, 
based on capacitance, surface area calculation and other arguments mentioned above, 
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the main charge storage for this material is subsurface space charge accumulation 
mechanism with a possible minor EDLC component. 
Figure 2d) depicts the cycle life of the LaN electrode. By step charging and 
discharging from zone I, II, III, II, and I, less than 1% initial capacitance is lost. The 
LaN electrode exhibits an excellent cycle life after 5000 cycles of unsteady charging 
and discharging. 
The lifetime is another description of electrode reaction reversibility. In CV 
curves, the reversibility of the electrode reaction is closely related to (a) charge and (b) 
mass transfer. It is necessary to determine whether the electrode reaction is controlled 
by charge transfer or diffusion. 
For instance, taking the average values of anodic peaks Jpa at various current 
densities, a linear relationship can be found by fitting the data with a least squares 
method. 
[ ] 





∝ 2
1
ipa
i νJ , (i=1, 2, 3, 4, 5, 6).                                       (3) 
From this, we can determine that the electrode reaction is diffusion-controlled.  
Similarly, taking the average values of cathode peaks Jpc and comparing with the 
average values of the anodic peaks Jpa, the following formula is established. 
[ ] [ ]pcipai - JJ = , (i=1, 2, 3, 4, 5, 6).                                     (4) 
This expression is a sufficient criterion for high electrode reversibility under diffusion 
control factor (b), which we suggest has a positive impact on the electrode’s cycle life. 
Electrical conductivity is another important factor that influences the 
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electrochemical performance; materials with high conductivity provide sufficient 
electrons for fast surface redox reactions, ensuring good rate capability. Figure 2e) 
shows the current-voltage curves of the LaN tested by using linear sweep voltammetry. 
The calculated conductivity of LaN through the law of resistance is 0.34 S cm-1, 
which is three to five orders of magnitude higher than capacitive oxides that typically 
show a conductivity of 10-6 to 10-4 S cm-1.10 The high electrical conductivity leads to a 
good rate capacity. 
EIS during charging or discharging describes electric charges transfer resistance 
Rct in some certain potential. Figure 2f) shows Nyquist plots of the LaN electrode in 
frequency range between 10-1~105 Hz operating at different potentials (-0.8 V, -0.4 V, 
0 V and 0.4 V) and the amplitude is 0.005 V. The inset 1 shows the semicircle evident 
at high-frequency. Their impedance values for the different components were 
calculated via ZSimpWin software. The equivalent circuit used to fit the spectroscopy 
curve is also given in the inset 2. Because the LaN electrode reveals a capacitive 
behavior during charging-discharging with only one time constant existing. In this 
case, there are two types of equivalent circuit, i.e., the equivalent circuit with diffusive 
resistance (W) component or not. The electrode reaction is diffusion-controlled, so the 
equivalent circuit contains a diffusive W component. The Re values of these curves 
calculated using the ZSimpWin are 3, 2.92, 2.92 and 2.87 Ω, respectively. And the 
calculated Rct values are all ca. 0.02 Ω, showing a low resistance to electric charge 
transfer and a relatively good stability. 
A symmetric capacitor was assembled using two identical prepared LaN 
electrodes and tested for investigating the usability. Figure 3a) shows GCD curves of 
the symmetric capacitor. According to formula (2), the capacitances are 390.9, 383.3, 
375.2, 366.6, 356.7, and 335.8 F cm-3 correspond to a discharge current density of 1, 2, 
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3, 4, 5, and 10 A g-1, respectively. Figure 3b) shows the Ragone plots of this capacitor, 
activated carbon capacitor and some reported capacitors17 at their optimal conditions. 
Volumetric energy density Ev and power density Pv are calculated as: 
2
vv 2
1 UCE ⋅=                                                      (5) 
t
EP
∆
= vv                                                            (6) 
The LaN symmetric capacitor shows a superior volumetric energy density 
coupled with a high coulombic efficiency in Figure 3c) and a high thermal shock 
resistance in Figure 3d), indicating the potential value of LaN as a high performance 
capacitor material. 
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FIGURE 3. Electrochemical evaluation of the LaN symmetrical capacitor. a) GCD 
curves, b) Ragone plots of volumetric energy density vs. power density, c) Coulomb 
efficiency and d) Thermal shock resistance tested between 20 and 35 °C. 
A new capacitive material has been synthesized and found for energy storage. A 
high volumetric capacitance of 951.3 F cm-3 is achieved at 1 A g-1 with less than 1% 
loss after 5000 cycles. This volumetric capacitance value is 7 to 9.5 times higher than 
activated carbons. The capacitance gives credit to subsurface space charge 
accumulation mechanism with a possible EDLC component. A highly reversible 
electrode reaction that controlled by diffusion and a high, stable electronic 
conductivity during charging or discharging ensure a long cycle life and electrical 
charge transfer rate. The LaN//LaN capacitor shows very high volumetric energy 
densities, which is hope for some volumetric requirement occasions. Further studies 
will endeavour to elucidate the exact charge storage mechanism in this material. 
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